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Urea synthesis in moderate experimental uremia. Urea synthe-
sis rates (USR) were examined in relation to individual variations
in energy and nitrogen intakes. Rats made uremic by I8 nephrec-
tomy (N= 12) were pained with sham-operated controls (N= 11)
and divided into two diet groups: diet 1 (4 kcal/g, 18% protein)
and diet 2 (4 kcal/g, 42% protein). Nitrogen intake (NI) and
energy intake (El) were varied according to the quantity of feed
given and the addition of a nonprotein gavage supplement. The
USR was determined by '4C-urea excretion during four periods
when El ranged from 20 to 50 kcal/day and NI ranged from 150 to
675 mg/day. Although USR did not correlate directly with either
dietary protein or energy, the percent of protein-derived calories
allowed the prediction of USR from NI. Fractional urea synthe-
sis was not related to NI but rather to total El. The nonlinear
regression described a critical El of 30 kcal/day below which
USR increased to 75% of the NI. USR was not different between
control and uremic animals. These data suggest an advantage in
maintaining an appropriate protein:energy ratio (2.5 g per 100
kcal) to minimize the fractional urea synthesis. The utilization of
nitrogen at different levels of protein and energy intake was not
altered by the state of experimental uremia.
Synthèse de l'urée au cours de l'insuffisance rénale expérimen-
tale. La synthése de l'urée (USR) a été étudiée dans différentes
situations d'apport énergétique et azoté chez des rats rendus
uremiques par une néphrectomie des 7/ (N = 12). Ces rats ont
été "pair-fed" a des rats témoins (N = 11). Les animaux ont été
divisés en deux groupes, l'un recevant le régime 1(4 kcal/g, 18%
de protéine), l'autre recevant le régime 2 (4 kcal/g, 42% de
proteine). L'apport azoté (AA) et energétique (AE) a eté modiflé
en variant les quantites de nourriture administrées et en ajoutant
un supplement non proteique par gavage. USR a eté déterminée
par l'excrétion de 14 C-urée au cours de quatre pCriodes oO AE
allait de 20 a so kcal/jour, et AA de 150 a 675 mg/jour. Alors que
USR n'est corrélée ni avec l'apport énergetique, ni avec l'apport
proteique, Ic pourcentage de calories proteiques dans le total de
l'apport energétique permet de prédire Us a partir de AA. La
synthese fractionnelle de l'urée (USR/AA) est plus en rapport
avec AE qu'avec AA. Dans Ia regression non linCaire entre USR
et AE, il existe un seuil critique pour l'AE autour de 30 kcal/jour
au dessous duquel USR/AA augmente rapidement pour atteindre
75% de AA. Aucune difference de USR/AA n'a éte trouvée entre
les rats uremiques et les rats témoins. Ces résultats suggCrent
qu'il y a intérét a maintenir un rapport protéine/energie appropriC
(2,5 g/I00 kcal) pour minimiser Ia synthese de I'urée. L'urémie
experimentale ne modifie pas l'utilisation de l'azote aux differ-
ents niveaux d'apport proteique et calorique.
Urea is the major vehicle for the elimination of
excess nitrogen from the body via the kidneys, with
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approximately 20% being subject to hydrolysis in
the intestinal tract [1]. The kinetics of urea metabo-
lism have been used recently as an indicator of
nitrogen utilization in both uremic and normal man
[2—5]. Some authors have estimated the protein
catabolic rate from the urea appearance in patients
with renal disease [4,5], although it requires further
definition if it is to be used as a true reflection of
dietary nitrogen utilization.
Absolute rates of urea synthesis in normal and
uremic subjects have not been compared. Further-
more, relative roles of total energy intake and
nitrogen intake as they affect rates of urea synthesis
have not been well defined.
The present study was designed to determine the
effects of both calorie and protein intake on urea
synthesis, to define more clearly their interrelation-
ships, and to determine any variance between the
normal and experimental uremic state.
Methods
Young male Wistar rats, each weighing 200 to 220
g, were made uremic by '8 nephrectomy with a
two-stage operation modified from the technique
described by Chantler, Lieberman, and Holliday
[6]. Both stages were performed within 3 days using
flank incisions. Control animals underwent sham
operations, exteriorizing the kidneys. Data collec-
tion was begun 2 weeks following the initial surgery
when all animals had recovered their preoperative
weight. A 60% decrease in creatinine clearance was
obtained in the nephrectomized animals.
Urea synthesis was measured according to the
technique of McKinley et at [7]. To minimize gut
urea hydrolysis, we treated all animals daily
throughout the experimental period with 12.5 mg of
neomycin administered by gavage. Preliminary
studies confirmed that this dose of neomycin in-
creased the urinary recovery of 14C-urea from 64.9
9.1 to 84 12%.
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Urea synthesis was determined during the last 2
days of each 7-day test period. Animals were placed
in metabolic cages, and urine samples were collect-
ed for two simultaneous 24-hour periods. The cages
were rinsed several times with water to ensure
complete urea collections. The urine samples were
acidified with I N hydrochloric acid and preserved
by freezing if assays were not performed immedi-
ately. Urinary '4C excretion was determined on the
first 24-hour collection in control animals and on the
total 48-hour urine collection in uremic animals.
The 24-hour urinary 14C recovery in controls was
85.6 16.4%, and the 48-hour urinary '4C recovery
in uremic animals was 82.5% 13%. There was no
significant difference. Plasma samples were count-
ed in both control and uremic animals at 24 and 48
hours, respectively, to confirm that essentially all
'4C had been excreted.
Blood samples for urea nitrogen were obtained at
time zero when animals were placed in metabolic
cages and at 24 hours. Simultaneous weights were
also measured at time zero and 24 hours. Plasma
and urinary urea concentrations were determined
by the urease method [8] (Biochemica test combina-
tion, Boehringer, Mannheim Diagnostica).
'4C-urea (NEC-108), 2mCi/mmole, was obtained
from New England Nuclear, Boston, Massachu-
setts. In all experiments, 5 Ci dissolved in physio-
logic saline were injected i.p. at time zero. The
radioactivity injected was determined from the
product of the volume injected and the activity of
duplicate standards. The volume injected was de-
termined by weighing the syringe before and after
injection to an accuracy of 0.001 g.
The urea distribution volume Vd was measured
by the distribution of injected tritiated water (1
mCilg, New England Nuclear, Boston, Massachu-
setts) according to the technique of Fay et al [9]. In
all experiments, 10 PCi, dissolved in physiologic
saline, were injected i.p. after the animal had been
on constant 18% protein diet for 7 days with free
access to water. Blood samples were taken 3 to 4
hours following the injection and frozen if not
assayed immediately. The radioactivity injected
was determined as described above for '4C urea. Vd
was corrected for 95% plasma water in all in-
stances.
Samples of plasma and urine to be assayed for '4C
and tritium were transferred quantitatively into 10
ml of Instagel (Packard, Downers Grove, Illinois),
and its activity was counted in a standard three-
channel Packard liquid scintillation counter. The
activity was corrected for quenching by the channel
ratio method and for counting efficiency by refer-
ence to count rates of '4C- and 3H toluene standards
of known activity.
Calculations. Urea synthetic rate (USR) was cal-
culated from equations based on the premise that,
during a given time interval, urea synthesis is equal
to the sum of urea excreted in the urine and broken
down in the gut and the positive or negative accu-
mulation of urea in body fluids. Gut urea hydrolysis
may be minimized by the administration of antibiot-
ics, but an immeasurable amount may escape
through this route.
A correction for gut clearance (Gu) was obtained
by taking the total injected '4C-urea as the sum of
Gu and urinary urea clearance after all 14C had been
cleared from the plasma. This assumes that '4C02
produced by hydrolysis of '4C urea is not reincor-
porated into urea. This assumption has been veri-
fied by Rudman et al [10]. The correction factor
(CF) for gut urea clearance could then be applied to
the measured urinary urea excretion:
CF Gu + UuUu
and
—
total '4C injected
urinary '4C recovery
'4C injectedUSR (0,t) = Uu
'4C recovery
+ Yd (U (t) — Up (a))
where USR (0,t) is the urea synthesis rate between
time interval Ot; Uu, total urinary urea; Vd, urea
distribution volume; U, plasma urea. USR was
expressed as milligrams of urea nitrogen per 100 g
of body wt per day. Fractional urea synthesis was
then calculated as the fraction of urea nitrogen
synthesized per gram of nitrogen intake.
Experiments. The rats were divided into two
groups according to the diets they were to receive
(Table 1). Both diets were similar in calorie density
(3.8 kcallg) but differed in their conentrations of
protein, which was of high biologic value. Diet 1
contained 18% protein; Diet 2 contained 42% pro-
tein. A basic ration was provided to all rats, and
only those who consumed their total Eation through-
out the 4-week period were included in the study.
Calorie intake was further increased by the addition
of an oral supplement of 10 kcal/day in the form of
fat (Lipomul®) and carbohydrate (Maltrinex®) ad-
ministered by gavage. The calorie distribution of
this supplement was 90% fat and 10% carbohydrate.
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Table 1. Experimental design
Group 1 Group 2
(30 mg/g) (67.5 mg/g)
Calories nitrogen nitrogen
Period Feed allotment g kca!/dav mg/day mg/day
A 5 20 150 337
B 5+supplement 30 150 337
C 10 40 300 675
D 10 + supplement 50 300 675
This allowed variation in the percentage of protein
in the diet without varying the absolute quantity
consumed.
The two diets consumed provided protein as
herring fish flour, carbohydrate as corn starch, and
saccharose and fat as peanut oil. Diet I contained
18% protein (nitrogen 30 mg/g of food), and diet 2
contained 42% protein (nitrogen, 67 mg/g of food)
by weight. The distribution of calories for diet 1,
was 19% protein, 19% fat, and 62% carbohydrate.
For diet 2, it was 47% protein, 21% fat, and 32%
carbohydrate. A complete mineral and salt mixture
was provided.
The food was stored under refrigeration in a
closed container and was weighed and distributed
to each animal in cups provided with moveable lids
to prevent spillage. Cages were inspected for spill-
age, which was negligible. No data were included if
the animal failed to consume his alloted ration
during the study period. Gavage was performed at
the same time daily in all animals to administer
equal volumes of calorie supplement or water.
Variations in calorie and protein intakes were
established by studying each group of animals dur-
ing the four periods of 7 days each. During periods
A and C, both protein and total calories were varied
by giving daily rations of 5 to 10 g, respectively, of
their predesignated diet. During periods B and D,
absolute protein intake was the same as in periods
A and C, respectively, but total calories were varied
by giving the previously described protein-free
calorie supplement. All animals were studied in
random sequence to avoid influencing the data by
serial progression in nutrient intakes (see Table 1,
Experimental design).
The study design allowed observations and con-
trolled comparisons of urea synthesis during the
suboptimal energy intakes habitual to chronically
uremic subjects while normal dietary nitrogen re-
quirements were maintained.
Statistical methods. Statistical differences be-
tween groups were determined by Student's t test
[11]. Multiple regression analysis was performed as
outlined by Downie and Heath [121.
Results
Experimental model. The 12 uremic and 11 con-
trol animals were assessed as to the validity of the
experimental model by comparing weights, renal
function, and isotope recovery (Table 2). Body
weights remained stable or decreased slightly dur-
ing the total 4-week study period. Weight gain was
prevented by the limited energy intakes provided
during periods A and B. Urea distribution volumes
in uremic animals were slightly higher (0.68 0.01)
than they were in control animals (0.665 0.02),
but the difference was not significant.
Partial nephrectomy significantly decreased the
creatinine clearances of experimental animals (ure-
mic, 15.9 1.7 mi/hr per 100 g of body wt; control,
40.3 4 ml/hr per 100 g of body wt).
Total '4C recovery for both groups was similar
and comparable with values obtained by McKinley
et a! [7] in rabbits treated with neomycin. Gut urea
clearance for control and uremic animals was also
similar: control, 13.2 16%; 17.6 uremic 12%.
Urea synthesis: Relative role of total energy and
nitrogen intake. Multiple regression analysis al-
lowed a numerical assessment of the relative effects
of both total energy intake and nitrogen intake on
urea synthesis (Table 3). The multiple correlation
Table 2. Comparison of uremic and control ratsa
Control
Wt
g
264 8
Wtf
g
237 9
Wt
g
—27± —7.5
Vd
0.67±0.02
-,Cr
ml/hr/100 g
body WI
40.3 40b
14
recove
%
87
ry
5
Gu
13 16
(N = 11)
Uremic 234 7 227 9 —6.8 7.0 0.68 0.01 15.9 1.7 83 4 18 12
(N=l1)
a Values are the means SEM. Abbreviations are defined as: Wt1, initial weight; Wtf, final weight; Wt, mean weight change; Vd, urea
distribution as a fraction of body weight; Ce,-, creatinine clearance; Gu, gut clearance of urea expressed as percent of '4C injected.b p< 0.01
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Table 3. Relative effects of nitrogen intake (x1) and energy
intake (x2) on urea synthesis (y)a
Multiple regressio
analysis
n Control
(N = 8)
Uremic
(N = 8)b p
r12
r1
tx2y
r1 .
,
,
0.64
—0.31
0.47
0.98
—0.90
0.94
0.69
—0.28
0.47
0.94
—0.89
0.97
NS
NS
NS
<0.01
<0.01
<0.01
r12.3 = —0.897 or —0.90
bMean values from each period were analyzed. Total observa-
tions were as follows: controls, 37; uremics, 42.
coefficient (r) for these three variables was 0.98 in
control animals and 0.94 in uremic animals.
Individual correlations of urea synthesis (y) with
either nitrogen intake (x1) or total energy intake (x2)
were not significant. But, when the partial correla-
tion coefficient was used, with nitrogen intake held
constant, calorie intake correlated significantly with
urea synthesis: control, rx2y = —0.90; Uremic,
rx2yxi = —0.89.
Likewise, when energy intake was held constant,
the effect of nitrogen intake on urea synthesis was
highly significant: control, rxy x2 = 0.94; Uremic,
rxy 'x2 = 0.97. A positive significant correlation
was demonstrated between urea synthesis and per-
cent protein calories: control, r = 0.97; uremic, r =
0.98 (Fig. I).
Urea synthesis at all levels of energy and nitrogen
intake was similar in uremic and control animals
(Table 4).
Fractional urea synthesis: Relative effects of
total energy and nitrogen intakes. Fractional urea
synthesis was expressed as the fraction of ingested
nitrogen metabolized to urea daily (milligrams of
urea nitrogen per milligram of nitrogen intake).
There was no significant correlation between nitro-
gen intake and fractional urea synthesis: control, r
=
—0.35; uremic, r = —0.38.
A reciprocal nonlinear relation was observed
between the fractional urea synthesis and the incre-
Table 4. Data summary of urea synthesis and fractional urea synthesis with variations in total energy (kcal/day) and nitrogen intakea
Diet 1 Diet 2
A B C D A B C D
Diet data
Caloric value,
kcal/day 20 30 40 50 20 30 40 50
Nitrogen
intake, mg/day 150 150 300 300 337 337 675 675
N (control) 5 5 4 5 4 5 4 5
N (uremic) 5 5 6 6 5 5 6 4
Urea synthesis, mg/100 g body wriday
Control 121 45 48 11 73 10 52 20 218 68 135 18 223 48 180 51
Uremic 122 21 64 22 88 35 62 21 275 105 130 56 266 76 184 17
Fractional urea synthesis, mg/g of nitrogen intake/day
Control 805 299 323 70 243 35 173 66 646 200 402 143 330 59 286 88
Uremic 811 140 429 147 292 117 207 70 815 311 385 167 395 112 273 25
ayalues are the means SD.
//
p
7///
.
a,
0
'4-00
04
E
a,
C
a'
200
100
0
aThe calculations for this table are as follows, where partial
correlation coefficients (N = 8) are defined as y = urea synthesis
= 1; x1 = nitrogen intake = 3; and x2 = calorie intake = 2:
r12 — (r13 r23)
r12.3 = _____________________
\/(1 —r132) (1 — r232)
—0.31 — (0.30) —0.61
r12.3 = =
\70.59)(0.78) 0.68
— Control r 0.97 P<0.001y= 5X+9
o Uremic r 0.98 P <0.001
y = 6X — 20
10 20 30 40 50 60 70 80 90
Fig. 1. Variation
energy.
% Protein calories
of urea synthesis rate with protein-derived
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Total energy intake, kcal/day
Fig. 2. Nonlinear regression of fractional urea synthesis with
energy intake.
ments in total energy intake (Fig. 2). The break in
the relation occurred at the point on the curve when
total energy intake was 30 kcal/day. Energy intakes
below this level resulted in a marked rise in frac-
tional urea synthesis, with greater than 80% of the
ingested nitrogen being diverted to urea. But, ener-
gy intakes of greater than 30 kcal/day appeared to
suppress urea synthesis to less than 25% of the
ingested nitrogen.
The semilogarithmic regression of the above rela-
tion was highly significant (P < 0.001) for both
control and uremic animals: uremic, log Fs =
—0.02 El + 3.13, r = 0.95; control, log Fs =
—0.02 El + 3.18, r = 0.94, where Fs is fractional
synthesis rate.
Discussion
The observations of this study offer the first
experimental comparison of urea synthesis between
chronically uremic and pair-fed control animals.
Studies of patients with uremia have repeatedly
demonstrated an anorexia resulting in suboptimal
nitrogen and energy intakes associated with poor
growth and negative nitrogen balance [13—16].
These experiments were conducted during periods
of limited energy intakes that were inadequate to
maintain normal growth. The study design allowed,
however, observations and controlled comparisons
of urea synthesis during the suboptimal energy
intakes habitual to chronically uremic subjects
while normal dietary nitrogen requirements were
maintained. Holliday et al [17] showed in moderate-
ly uremic rats that carbohydrate feeding alone was
able to abolish an exaggerated catabolic response to
short-term fasting. The current study supports this
finding, because an increase in nonprotein calories
resulted in a decrease in urea synthesis. Similarly,
there was no discernible difference between uremic
or control animals.
Fractional urea synthesis derived by urea kinetics
can offer an important index of nitrogen metabolism
in uremic subjects. The fractional urea synthesis
can be considered an indirect measure of protein
catabolic rate because it reflects the quantity of
urea produced for a given nitrogen intake. The
nonlinear relation of energy and fractional urea
synthesis (Fig. 2) demonstrates that the urea syn-
thesis rate (USR) is not only directly dependent on
dietary nitrogen but inversely dependent on total
energy intake. This fact has frequently been
stressed by Munro [18] in protein balance studies.
Moreover, the relation defines a critical energy
intake that will minimize USR and perhaps "spare
nitrogen" for anabolic purposes. When dietary en-
ergy fell below 30 kcal/day, urea synthesis in-
creased to more than 80% of ingested hitrogen,
suggesting an increase in protein catabolism. When
energy intake was maintained above 30 kcal/day,
USR seemed to stabilize at approximately 25% of
the nitrogen intake.
A similar relationship was observed in a clinical
study of chronically uremic children during supple-
mental intravenous nutrition [19].
The direct relation of USR to protein-derived
calories (Fig. 1) may offer a simple and readily
available measure for predicting USR in the clinical
setting if future human studies are substantiative.
Traditionally, nutritional studies in renal failure
have measured responses to different quantities of
protein intake without note of the relative energy
intake [20, 21]. Varcoe et al [22] recently reported a
higher efficiency of urea nitrogen utilization in
uremic subjects on a low (30 g) protein diet as
compared with a normal (70 g) protein diet. But,
there was no mention of total energy intake or the
protein:energy ratio, which may have been the
unmeasured variable [23].
The relationship of USR to protein-derived calo-
ries is also provocative in the dilemma of whether
low-protein or high-protein diets are beneficial to
the uremic animal. Low-protein intake improves
survival [24, 25] but may limit growth and nitrogen
balance [15, 16]. One wonders if the protein:energy
ratio is the more important factor. If adequate
energy is supplied quantitatively, more protein
could be provided while maintaining a constant
OUremic
— • Control
1000 —
750 —
500 —
250 —
I
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protein:energy ratio and, therefore, a constant rate
of urea synthesis.
Summary. These data have examined the impor-
tance of energy intake on urea synthesis in uremic
and control animals. Urea synthesis is most depen-
dent on the protein:energy ratio, which may prove
to be a useful predictive measure in the clinical
setting. Fractional rates of urea synthesis increase
markedly with the stress of inadequate calorie in-
take, suggesting a catabolic response at a critical
level of energy intake. No differences between
moderately uremic and control animals were dem-
onstrated in terms of urea synthesis. No differences
in urea synthesis were apparent between moderate-
ly uremic and control animals during periods of
similar dietary intakes.
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